Healthy longevity has been an unremitting pursuit of human, but its genetic and the environment causes are still unclear. As longevity population is a good healthy aging model for understanding how the body begin aging and the process of aging, and plasma lipids metabolism and balance is a very important to life maintain and physiologic functional turnover. It is important to explore how the effect of genetic variants associated long-life individuals on lipids metabolism and balance. Therefore, we developed a comparative study based population which contains 2816 longevity and 2819 control. Through whole-exome sequencing and sanger sequencing genotypes, we identified four new single nucleotide polymorphisms of HLA-DQB1(major histocompatibility complex, class II, DQ beta 1), rs41542812 rs1049107 rs1049100 rs3891176(P range =0.048-2.811×10 -8 for allele frequencies), associated with longevity in Chinese Longevity Cohort. Further, by analysis of the longevity-variants linked to blood lipids, we identified HLA-DQB1 rs1049107, T-carriers (P HDL =0.006, OR: 11.277; P TG =9.095×10 -7 , OR: 0.025; P LDL/HDL =0.047, OR: 1.901) and HLA-DQB1 rs1049100, T-carriers (P TG =1.799×10-6, OR: 0.028) associated with lipid homeostasis in long lived individuals. Our finding showed that longevity and lipid homeostasis were associated with HLA-DQB1 and suggested that immune gene variants could act on both new function of maintaining the homeostasis and anti-aging in longevity.
INTRODUCTION
For thousands of years, humans have pursued increased longevity. However, increasing the longevity of the human population has been unlikely. In recent years, with the increase in social economic levels and an ageing population, the likelihood of an increase in human longevity is gradually increasing and is becoming the focus of people's attention. As we know, human longevity is determined by both genetic and environmental factors, but its genetics and the environment causes, particularly their interaction mechanism, are still not clear. Therefore, it is necessary to develop the study and obtain supportive data for us to be able to provide inspiration and direction for future research in the field of longevity and anti-aging.
A long-lived population provides a good healthy ageing model for understanding how the body begins to age and the process of ageing. Several previous studies, both cross-sectional and follow-up, investigated longlived subjects who usually manage to delay major agerelated diseases, such as metabolic-related diseases (cardiovascular disease, diabetes, and neurodegeneration disorders); in general, these age-related diseases had high morbidity and mortality, but most centenarians escape these diseases [1] [2] [3] and successfully exhibit a healthy ageing state.
The common view is that human longevity is determined by genetic factors. Several Genome-wide association studies (GWAS) in European, North American and Chinese individuals identified some loci associated with longevity, i.e., TOMM40/APOE/APOC1 loci, 5q33.3, IL6 and ANKRD20A9P in recent years [4] [5] [6] . With next-generation sequencing (NGS), we have an efficient way to discover the potential causal loci in the search for sequence variants. NGS technology has facilitated the identification of variants and shown that HLA-DQB1*05 and HLA-DQB1*03 were associated with longevity in Japanese individuals [7, 8] . Previous studies of longevity genetics found that with increasing age, the contribution of heredity increased [9] .
Along with ageing or senescence, the internal environment function of each hierarchy and each system is low and disordered, but there is still a lack of explicit evidence to define the genetically encoded program of ageing that functions to maintain the homeostasis of the human body, i.e., the plasma lipoproteins, in vivo.
The metabolism and balance of plasma lipids are very important to life and physiologic functional turnover. They are also the representative biomarker for cholesterol metabolism and lipid-related diseases such as cardiovascular and cerebrovascular diseases. A number of studies have shown that the plasma lipid levels were controlled by genetic factors and identified some associated variants of lipid levels, both common and rare [10] [11] [12] ; for example, HLA-DQB1 variations were associated with plasma lipid balance in coronary heart disease risk [13] , but there are no reports on genetic variants and plasma lipids associated with healthy longevity.
Therefore, we postulated that longer human survivors, who live to a median age of over 90 years, have a higher number of longevity genetic variants; briefly, ageing and longevity genetic variants serve as important biomarkers to represent the normal plasma lipid homeostasis in the internal environment of extremely elderly individuals. Therefore, based on our longevity cohort study in southern China, we developed a comparative study using a case-control design to detect the relationship between longevity-associated variants and plasma lipid levels in our long-lived individuals in China. Our study aims to suggest that a healthy lipid balance linked to genetic variants in long-lived individuals could play an important part in human longevity, and our data will provide new knowledge to help us understand human longevity and the possible potential applications for anti-aging primary care in social communities of the elderly.
RESULTS

Baseline information in longevity and control subjects
There were significant differences in HDL-c (P=0.003), LDL-c (P=0.010), TG (P=3.052×10 -4 ) and TC (P=0.012) between centenarians and controls. We detected that HDL-c (P=1.461×10 -7 ), LDL-c (P=2.128×10 -4 ) and TC (P=8.181×10 -6 ) were significantly different between nonagenarians and controls. A comparison of longevity (centenarians and nonagenarians) in samples and controls, revealed that significant differences between HDL-c (P=3.438×10 -9 ), LDL-c (P=1.269×10 -5 ), TG (P=0.035) and TC (P=6.522×10 -7 ) had been found ( Supplementary Table  1 ).
Identifying the new longevity-associated genetic variations
Whole-exome sequence screening in 100 longevity subjects
By whole exome sequence in 100 longevity subjects involving 74 nonagenarians and 26 centenarians, we compared both genomic differences between long-lived individuals and our genotype database of general AGING Chinese (age <60 years, n=1000), and we primarily identified 2171 possible longevity-associated variants.
Bioinformatic and arrangement analysis
Aligning with GenBank, the analysis of the collection and arrangement of bioinformation based on the LongevityMap database [14] reported possible longevity variants, and we selected 17 genes with 26 variants as our longevity-associated candidate genes (Supplementary Table 2 ). A flow chart of the consecutive analysis steps is depicted in Figure 1 .
Identified new longevity-associated variants in HLA-DQB1
Through an association study based on genotyping longevity and a local younger population, we identified four genetic variants in HLA-DQB1 as longevityassociated gene variants. Four variants in HLA-DQB1 showed significant difference in allele and genotype frequencies between longevity and controls. These variants include rs41542812, rs1049107, rs1049100 and rs3891176, and this result was detected in a sample set what contained 518 longevities and 277 controls, AGING rs41542812 (P allele =0.048, P genotype =0.003); rs1049107 (P allele =0.002, P genotype =0.007); rs1049100 (P allele =4.731×10 -4 , P genotype =0.002); and rs3891176 (P allele =2.811×10 -8 , P genotype =4.033×10 -8 (Table 1) .
Identified longevity-associated variation with ageing
We detected that rs41542812 (P allele =0.006, P genotype =6.652×10 -5 ), rs1049107 (P allele =1.041×10 -5 , P genotype =5.249×10 -7 ), rs1049100 (P allele =9.297×10 -7 , P genotype =9.258×10 -8 ) and rs3891176 (P allele =3.832×10 -
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, P genotype =6.193×10 -21 ) were associated with nonagenarians.
Thus, rs1049107 (P allele =0.001, P genotype =0.317) was associated with centenarians (Table 1; Figure 2 ).
Identified longevity-associated haplotypes
The link disequilibrium analysis detected that there was a block, formed by rs41542812, rs1049107 and rs1049100, on HLA-DQB1 ( Figure 2 ). There were three haplotypes with frequencies >0.03. Compared with the CCC haplotype, the GTT and CTT haplotypes could increase the chance of longevity (P=3.996×10 9 , OR: 4.367, 95%CI: 2.608-7.313; P=1.812×10 5 , OR: 3.677, 95%CI: 1.970-6.865). Comparing between centenarians and controls, the GTT and CTT haplotypes were associated with centenarians (P=3.327×10 8 , OR:6.484, 95%CI:3.128-13.440; and P=0.025, OR:3.373, 95%CI: 1.234-9.216, respectively). In nonagenarians, the GTT and CTT haplotypes would increase the chance to reach a nonagenarian age (P=1.921×10 6 , OR:3.721, 95% CI: 2.116-6.543; and P=3.604×10 5 , OR:3.770, 95%CI: 1.945-7.308, respectively; Supplementary Table 3 ).
Relationship of longevity-associated variants and plasma lipid homeostasis
For rs1049107, Supplementary Table 4 shows the proportion of participants with different plasma lipid levels, normal or abnormal, and LDL-c/HDL-c ratios ≤2 and those >2, according to the polymorphism genotypes. The rs1049107 T allele was associated with a lower LDL-c/HDL-c ratio (P=0.047, OR: 1.901) in the longevity group.
In HDL-c subgroups of longevity samples, the rs1049107 TT genotype samples and T allele carriers showed a better HDL-c level than did the rs1049107 CC genotype samples (P=0.007, OR: 10.636; P=0.006, OR: 11.277). The normal HDL-c subgroup contained a higher rs1049107 T allele proportion (P=1.458×10 -4 , OR: 10.689), but this subgroup also had a lower rs3891176 C allele ratio than the major allele (P=0.013, OR: 0.360).
The combined rs1049107 genotype (TT+CT) in the control group, assuming a dominant effect of the T allele, was associated with a higher LDL-c level (P=1.243×10 -7 , OR: 0.098). In longevity group rs1049107 CT and rs1049100 CT, the genotype was associated with a higher TG level (P=9.095×10 -7 , OR: For the rs3891176 CA genotype, the dominant effect of the variant C allele and rs3891176 C allele were associated with a lower LDL-c/HDL-c ratio ( Supplementary Table 3 ) by a logistic regression analysis, and the dominant effect of the rs3891176 C allele was associated with a lower LDL-c/HDL-c ratio (P=0.034, OR: 2.402, 95% CI: 1.068-5.402). Further-more, in the longevity group, we detected that major homozygotes of rs3891176 had significantly higher HDL-c levels compared to minor allele carriers (P=0.044) ( Table 2) .
Analysis of plasma-lipid homeostasis and longevityassociated haplotypes
To analyse the effect of haplotypes on plasma lipids, we divided samples between plasma lipid levels and age. We found that rs41542812, rs1049107 and rs1049100 would form a block in HLA-DQB1 and that the CCC haplotype, which was formed by major alleles, seemed to be a reference. In the centenarian group, we obtained none of the significant haplotypes for four plasma lipid indices. In nonagenarians, the block contained three haplotypes, and the CTT haplotype was associated with a higher LDL-c/HDL-c ratio (P=0.037, OR: 0.301, 95%CI: 0.093-0.969). In the longevity group, the GTT Table 5 ). 
AGING
Interaction between longevity-associated variants and internal milieu lipid levels
An interaction analysis between longevity associated variants and internal milieu lipid levels on age detected
DISCUSSION
Longevity-associated variants and haplotypes identified
Because of the low prevalence of delayed age-related disease, the longevity population was an ideal population to be considered a "real negative control" in human successful healthy ageing and age-related disease. Genetic research about longevity had identify some longevity-associated factors, such as FOXO3A [15, 16] , SIRT1 [17] , APOE [18, 19] , IL6 and ANKRD20A9P [20] . There had been multiple genetic studies of Chinese longevity, and FOXO3 [21] , IGFBP-3 [22] , CETP [23] , and SIRT1 [24] . Studies in Sardinian centenarians showed the association between HLA-DQB1 and longevity [25, 26] . The association between longevity and HLA-DQB1*05 or HLA-DQB1*03 was identified in a Japanese population [7, 8] . However, there was no association study about SNPs in HLA-DQB1 and longevity. In this study, we identified four new SNPs in HLA-DQB1, rs41542812 (DQB1*05), rs1049107 (DQB1*03), rs1049100 (DQB1*03) and rs3891176 (DQB1*02), associated with longevity in our cohort (Table 1) . Further, we identified that rs41542812, rs1049107, and rs1049100 were closely linked to disequilibrium in one block; that is, the haplotypes GTT and CTT, which significantly increased the chance of longevity (P=3.996×10 9 , OR: 4.367, 95%CI: 2.608-7.313; P=1.812×10 5 , OR: 3.677, 95%CI: 1.970-6.865) to our knowledge have also never been reported before.
In these new longevity-associated variants, we noted through the use of stratified analysis that only rs1049107 was a centenarian-associated variant in longlived individuals, but the other three variants were associated with both centenarians and nonagenarians (Table 1 ). This result suggested that the longevityassociated genetic variance seems to increase with ageing, so we observed the variance only in centenarians but not nonagenarians.
Longevity variants associated with lipid homeostasis in LLIs
The main cholesterol-carrying lipoproteins are LDL-c and HDL-c. LDL-c is always considered the bad lipoprotein and can increase CVD and metabolic syndrome risk. In contrast, HDL-c is considered the good lipoprotein and can decrease metabolic-related disease and CVD risk. The importance of the balance of plasma AGING lipids for maintaining health is obvious. The LDLc/HDL-c ratio is increasingly being considered a valuable tool in CVD-related clinical research. Many variants have been identified as potentially affecting human lipids, as have some longevity-associated variants. The changes in lipid levels in our cohort were consistent with those in previous studies [27] [28] [29] . However, evidence for the balance of plasma lipids being controlled by longevity-associated loci is still lacking.
Furthermore, we identified HLA-DQB1 rs1049107, Tcarriers (=0.006, OR: 11.277; P TG =9.095×10 -7 , OR: 0.025; P LDL/HDL =0.047, OR: 1.901) and HLA-DQB1 rs1049100, T-carriers (P TG =1.799×10 -6 , OR: 0.028) associated with lipid homeostasis in LLIs.
The interaction analysis of longevity variants and lipid levels
The interaction analysis between lipids and genotype results show that HLA-DQB1 longevity variant alleles or haplotype carriers have a trend of better blood lipid levels, thus benefiting healthy longevity in LLIs (Table  3 ; Supplementary Figure 1 ). The interaction analysis results suggest that with longevity-associated variants enriched in the longevity population, the plasma lipid levels were better controlled than by adjusting age. They also suggested that it is possible for longevity variants to possess functions to regulate the homeostasis of plasma lipids in the internal environment of LLIs.
Functional analysis of the new longevity-associated variants in HLA-DQB1
HLA-DQB1 contained 5 exons. Exon 1 encodes the leader peptide, exons 2 and 3 encode the two extracellular protein domains, exon 4 encodes the transmembrane domain, and exon 5 encodes the cytoplasmic tail. All four novel variants in HLA-DQB1 are functional missense mutations. I These four variants, rs41542812 (Gln158His), rs1049107 (Gly157Ser) and rs1049100 (Val148Ile), lays in β chain of HLA-DQB1. Variety in β chain may change the binding site for special antigen, which plays a key role in maintaining internal homeostasis in vivo, such as lipid homeostasis. In addition, rs3891176 (Ala29Ser), located in exon 1, may change the function of the leader peptide and transform the signal that HLA-DQB1 received ( Figure  3 ). Therefore, we first identified the association between longevity and these four variants. oxLDL (oxidized low-density lipoprotein) or LPS bands on HLA-DQB1 of T cell, and stimulate T cell producing cytokines. Cytokines effect on liver cell, and increase or decrease fatty acid metabolism. OxLDL could also bands on LDLR (low-density lipoprotein receptor) or HLA-DQB1 of liver cell. The signal could also change fatty acid metabolism and HDL-c producing of liver cell. With this possible process, plasma lipid homeostasis could affect by HLA-DQB1 variants (Figure 3 ).
We speculated that the HLA-DQB1 variants decreased the expression and/or antigen binding function of the HLA Class II antigen DQ protein β chain on the Antigen Presenting Cell (i.e., the macrophage), reduces the cytokines released by T-lymphocytes, thus reducing liver cell synthesis and release of cholesterol, to maintain the balance of cholesterol metabolism in vivo. This theory remains to be studied more in depth to obtain the corresponding evidence.
Findings in this research suggest a possible gene effecting model. HLA-DQB1 affects the longevity through a certain biological pathway, and these pathways could influence the balance of plasma lipids through unknown biological process. Longevity and the balance of plasma lipids could affect each other. A longevity gene could help keep plasma lipids balanced, and a better balance of plasma lipids could promote homeostasis and healthy longevity. However, the mechanisms of longevity and plasma lipid levels are still not clear. Furthermore, a gene associated with longevity and plasma lipid levels could be identified in multiple large longevity populations, and rare or lowfrequency variants must receive more attention. The mechanism could be studied in cell or animal models by using new technology, such as Crispr/Cas 9. It would be useful for us to understand the mechanism of longevity and help the wider community achieve healthy ageing.
METHODS
Subjects
The current study was based on the Longevity and Health of Aging Population (LHAP) study conducted in Bama County, Guangxi, China, in 2008 and the Chinese Longitudinal Healthy Longevity Survey (CLHLS) during 1997-2015 (Supplementary Table 6 ).
To investigate the association between genotype and plasma lipid levels, there were 100 long-lived individuals (aged 90-107 years, 32 males, 68 females), and 172 controls (aged 40-65 years, 75 males, 97 females). The longevity group contained 26 centenarians (5 males, 21 females) and 74 nonagenarians (27 males, 47 females). All control subjects lacked longevity history (no lineal family members aged above 85 for three generations). The Ethics Committee of Beijing Hospital, Ministry of Health, approved the study protocol. All participants were informed and provided informed consent in writing. All clinical investigations were conducted according to the principles of the Declarations of Helsinki. Laboratory parameters were recorded, including total cholesterol (TC), triglyceride (TG), high density lipoproteincholesterol (HDL-c) and low-density lipoproteincholesterol (LDL-c).
Exome target sequencing
We sequenced the segment of exomes using a targeted NGS approach to analyse SNVs (single nucleotide variations) and small insertions and/or deletions (Indels). The design parameters were as follows: 1) the bait length was 120 bp; 2) the bait tiling frequency was 2×; and 3) the human reference genome (GRch37) was used to search the baits. Genomic DNA (3 μg) was used to construct DNA libraries that contained index sequences for identifying DNA samples. The targeted genomic segment was captured with the Agilent Capture kit 39M (Agilent Technologies, Santa Clara, CA, USA) by NGS on the Illumina HiSeq 2500 platform to identify mutations in 100 Bama longevity subjects using 100-bp paired-end reads. Base sequences were aligned to the reference genome (GRch37), and variations SNVs and Indels) were called using the Samtools software and annotated by comparing them with the 1000 Genomes database. The average coverage of each base in the targeted region was 50×, which resulted in ≥90% of the targeted bases being sufficiently covered for variant calling ( ≥ 10×). The average coverage was ≥95% at the NGS stage. We compared the data from our 100 LLIs to publicly available genotype data from a CHS (Chinese Han South) population (n = 97) from the 1000 Genome project phase I. We found 115327 SNVs, in total. Of the 115327 SNVs, 84914 were consistent with those in the public SNP database, and 30413 were previously unknown.
Selection of variations
We selected candidate variation from the target sequence dataset using four continuous steps. 1) To minimize error rates and the impact of random sampling variance, at least three reads had to be obtained from both the forward and reverse DNA strands (double-stranded coverage) for all variants that were kept for association tests.
2) Variants located at repeat sequences, including STR (short tandem repeat) or single nucleotide repeat expansions, may be falsely called; thus, we first excluded these possible artificial variants.
3) The Longevity Gene database was downloaded, and all significant genes were screened. All variants of these significant genes were called and compared with the CHS population in the 1000 Genome project to obtain candidate variants with MAF (minor allele frequency) >10% in the 100 Bama longevity subjects compared to those in one public database. Seventeen genes that included 26 variants were selected as candidate longevity-associated genes. Through genotyping based on longevity and local younger populations, four genetic variants in HLA-DQB1 were identified as longevity-associated gene variants (Supplementary Table 1 ).
Genotyping and quality control for genotyping
The Sanger Sequencing method was used in the genotyping case-control study. To perform genotyping quality control, all associated allele carriers, and 10% of cases and 10% of controls who carried non-risk alleles, were re-genotyped by Sanger sequencing. Sequencing primers are shown in Supplementary Table 7 .
Statistical analysis
Genotypes were evaluated for departure from the Hardy-Weinberg equilibrium (HWE) in cases and controls using the chi-squared goodness test. Variants with P < 0.05 were considered to deviate from the HWE. The MAFs of the variants were used as high-risk allele frequencies, and the defined type I error rate was 0.05. The genotype frequencies of the CHS population from the 1000 Genome database were used as the references for selecting candidate SNVs. A t-test was used to analyse the mean difference between the groups. A chi-squared test was used to establish the differences in the distribution of genotype and allele frequencies between the cases and controls. The odds ratio (OR) was used to estimate the strength of association between variables, with the OR and 95% confidence intervals (95%CI). The ORs and 95% CIs were calculated using the SPSS V17.0 software (SPSS; SAS Institute, Cary, NC, USA). A two-sided P value < 0.05 was considered statistically significant.
CONCLUSIONS
In this research, we identified four longevity-associated variants in HAL-DQB1, and these variants were associated with different kinds of plasma lipids. Our finding shows that longevity and plasma lipid levels were affected by multiple genes and that internal lipid homeostasis promoted healthy longevity. Further similar studies should be developed in human populations, especially investigating human lifespan and healthy longevity. rs41542812  TATCCCCTTACGCCACTCCA  ACTCTGGTCCAAGGAGGGAT  388bp  rs1049107  TATCCCCTTACGCCACTCCA  ACTCTGGTCCAAGGAGGGAT  388bp  rs1049100  TATCCCCTTACGCCACTCCA  ACTCTGGTCCAAGGAGGGAT  388bp  rs3891176  CCCCATGCTCACTTTGTCCT  CAGATCCATCAGGTCCGAGC  455bp 
